The capacity of Neisseria gonorrhoeae to cause disseminated gonococcal infection requires that such strains resist the bactericidal action of normal human serum. The bactericidal action of normal human serum against N. gonorrhoeae is mediated by the classical complement pathway through an antibody-dependent mechanism. The mechanism(s) by which certain strains of gonococci resist normal human serum is not fully understood, but alterations in lipooligosaccharide structure can affect such resistance. During an investigation of the biological significance of phosphoethanolamine extensions from lipooligosaccharide, we found that phosphoethanolamine substitutions from the heptose II group of the lipooligosaccharide ␤-chain did not impact levels of gonococcal (strain FA19) resistance to normal human serum or polymyxin B. However, loss of phosphoethanolamine substitution from the lipid A component of lipooligosaccharide, due to insertional inactivation of lptA, resulted in increased gonococcal susceptibility to polymyxin B, as reported previously for Neisseria meningitidis. In contrast to previous reports with N. meningitidis, loss of phosphoethanolamine attached to lipid A rendered strain FA19 susceptible to complement killing. Serum killing of the lptA mutant occurred through the classical complement pathway. Both serum and polymyxin B resistance as well as phosphoethanolamine decoration of lipid A were restored in the lptA-null mutant by complementation with wild-type lptA. Our results support a role for lipid A phosphoethanolamine substitutions in resistance of this strict human pathogen to innate host defenses.
Neisseria gonorrhoeae causes over 60 million cases of the sexually transmitted disease gonorrhea each year worldwide (6) . Although most infections are uncomplicated and usually restricted to the lower urogenital tract, more invasive forms of disease that result in significant medical complications can occur. For example, entrance of N. gonorrhoeae into the bloodstream followed by dissemination, termed disseminated gonococcal infection (DGI), can occur in 1 to 3% of cases when particular strains are endemic in the community (26, 33, 38) .
In contrast to gonococcal strains that cause pelvic inflammatory disease or salpingitis in women and to a lesser extent uncomplicated, urogenital tract infections in men or women, DGI strains can stably resist the bactericidal action of normal human serum (NHS) (33, 38) . In some cases the bactericidal activity of NHS is mediated by natural immunoglobulin M (IgM) antibodies (14) that activate the classical complement pathway (CCP) (16, 40, 41) . Bactericidal activity in NHS is an important host defense mechanism for prevention of invasive bloodstream disease due to the pathogenic Neisseria species (gonococci and meningococci) (9, 32, 34) . For example, patients with defects in their terminal complement components often have recurrent bacteremias with these strict human pathogens (26) . Although the multiplicity of mechanisms by which gonococci can resist killing by NHS remains to be fully defined, there is evidence that certain stably serum-resistant gonococci fail to bind bactericidal IgM (36) . Further, a strong correlation exists between the ability of gonococci to bind the CCP regulatory protein C4b binding protein (C4BP), which dampens activation of the CCP, and stably serum-resistant phenotypes of N. gonorrhoeae (29) .
Variations in surface structures of the pathogenic neisseriae have been invoked as being important in the capacity of these strict human pathogens to resist innate host defenses that function during infection both at mucosal surfaces and in the bloodstream. For instance, the structure of the lipooligosaccharide (LOS) possessed by gonococci (53, 54) and meningococci (17, 27) can vary at high frequencies (1-3, 13, 37, 48) . LOS can also be modified by sialylation (43) or by the addition of phosphoethanolamine (PEA) to the heptose (HepII) group in the ␤-chain of the core oligosaccharide (2, 24, 25, 52) as well as to the 1 and 4Ј positions of lipid A (8) . Changes in LOS structure can have a profound impact on bacterial interactions with host cells and/or defensive systems (18, 20, 35, 45, 46) . As an example, the NHS resistance expressed by certain gonococci can be lost by high-frequency, spontaneous mutations within the lgtABCDE operon (39) , which encodes the glycosyl transferases responsible for extending the LOS ␣-chain (13) .
We hypothesized that the PEA substitutions of gonococcal LOS could influence the susceptibility of this pathogen to mediators of innate host defense. In support of this hypothesis, previous work (28) has shown that PEA attached to position 6 of HepII of meningococcal LOS can form an amide linkage with complement component C4b and enhances susceptibility of N. meningitidis to the bactericidal action of NHS. Additionally, PEA attached to the lipid A of meningococcal LOS enhances bacterial resistance to cationic antimicrobial peptides (CAMPs), including the human cathelicidin LL-37 (49), but does not influence resistance to killing by NHS (8) . Based on these examples with meningococci, we tested whether loss of PEA from the HepII group of the LOS ␤-chain or lipid A would alter gonococcal susceptibility to NHS or CAMPs. We report that loss of PEA substitution of lipid A significantly increases gonococcal susceptibility to both polymyxin B (PB) and NHS and propose that the presence of PEA on lipid A contributes to the ability of gonococci to resist mediators of innate host defense.
MATERIALS AND METHODS
Bacterial strains and growth conditions. NHS-resistant Neisseria gonorrhoeae strain FA19 (4) was the main gonococcal strain used in all experiments. It was grown in GCB broth containing defined supplements I and II or on GCB agar with supplements under 3.8% CO 2 (vol/vol) at 37°C as described previously (4, 40) . Escherichia coli strain DH5␣ MCR or TOP10 (Invitrogen, Carlsbad, CA) was cultured in Luria-Bertani (LB) broth or on LB agar (12, 19) .
Construction of mutant strains and complementation analysis. Piliated colony variants of strain FA19 were transformed with plasmid or chromosomal DNA preparations bearing insertionally inactivated lpt3, lpt6, or lptA genes that had been prepared previously from N. meningitidis strain NMB (17, 50) . Transformation was conducted by the method of Gunn and Stein (15) . Kanamycin-or spectinomycin (Spc)-resistant transformants with inactivated lpt3 or lptA genes were selected on GCB agar containing 50 g of kanamycin or Spc per ml, respectively, while erythromycin (Ery)-resistant transformants bearing an inactivated lpt6 gene were selected using 1 g of Ery per ml. Antibiotic-resistant transformants were screened on GCB plates containing the appropriate antibiotic. Inactivation of specific genes was verified by PCR using the following oligonucleotide primer sets: LPT3F (5Ј-CCGACAAATGACAAACCACTT-3Ј) and LPT3R (5Ј-CCGCGTACTTGGTTTTTCATA-3Ј) for lpt3, LPT6A (5Ј-CT TCGGTCTGGTTTGTGGTGC-3Ј) and LPT6B (5Ј-GCAGATAACGGTCGA AACTTTCC-3Ј) for lpt6, and LPTA1 (5Ј-GGCGGTGTCTTACCAAGAAAT-3Ј) and LPTA2 (5Ј-TCGGGTGTTTCGGACACATAT-3Ј) for lptA. PCR products were subjected to agarose gel electrophoresis and visualized by staining with ethidium bromide.
Complementation analysis employed the neisserial insertional complementation system (NICS) described by Skaar et al. (42) and used pGCC4 (kindly provided by H. Seifert, Northwestern University, Chicago, IL), which contains an isopropyl-␤-D-thiogalactoside (IPTG)-regulated lac promoter. pGCC4 was digested with PacI and PmeI and purified by agarose gel electrophoresis for subsequent cloning of lptA. The lptA coding sequence and 93 bp of upstream DNA (containing all of the predicted lptA promoter except three bases in the Ϫ35 region) were PCR amplified from a chromosomal DNA preparation obtained from N. meningitidis strain M7 (19) using oligonucleotide primers LPTAFPAC (5Ј-TTAATTAACCCTGCTTTGCTCCGTT-3Ј) and LPTARPME (5Ј-GTTTAAACACATATGCCGTGAAGG-3Ј). The resulting PCR product was purified by agarose gel electrophoresis and cloned into pBAD (Invitrogen, Carlsbad, CA) using the TOPO TA reporter kit. Plasmid DNA was prepared from a representative transformant, and the insert DNA was removed by digestion with PacI and PmeI. The resulting fragment was cloned into pGCC4 that had been digested previously with PacI and PmeI. Plasmid DNA was then prepared from a transformant and digested with ClaI to remove the DNA region containing the origin of replication (19) . The digestion reaction mixture was subjected to agarose gel electrophoresis, and the 8.2-kb fragment containing lptA and the NICS region was recovered. This fragment was then used to transform FA19 lptA::spc for resistance to Ery (1 g per ml) as described previously (12) . The presence of the complementing lptA between lctP and aspC was confirmed by PCR using oligonucleotide primers LCTP and ASPC1 as previously described (12, 19) . The nucleotide sequence of the complementing lptA gene was confirmed.
In order to examine expression of lptA in the complemented strain, gonococci were grown in GCB broth in the presence or absence of 1 mM IPTG as described previously (19) and total RNA was extracted after 2 hours of growth. Reverse transcriptase PCR (RT-PCR) was used to detect the full-length transcript. As described previously (19) , the rnpB transcript was used as a control to demonstrate equivalent amounts of RNA in the reaction and specificity of IPTG induction of lptA gene expression. The rnpB transcript was reverse transcribed using oligonucleotide primer 5Ј-GGACAGGCGGTAAGCCGGTTC-3Ј, and PCR was performed with this primer and 5Ј-CGGGACGGGCAGACAGTCG C-3Ј. RT-PCRs were performed in the absence of RT to confirm the lack of contaminating DNA.
Bacterial killing by NHS and sensitivity to PB. The bactericidal assay employed in this investigation used pooled NHS from healthy donors as described previously (23, 30) . To distinguish complement pathway-specific killing, C1q-depleted or factor B-depleted serum (Complement Technologies, Inc., Tyler, TX) was used to selectively inactivate the CCP and mannan-binding lectin (MBL) pathways or the alternative complement pathway (ACP), respectively. In control experiments, depleted sera were reconstituted with purified C1q (final concentration of 100 g/ml) or factor B (final concentration of 200 g/ml) as required.
The MIC of PB was determined as described by Tzeng et al. (49) using GCB agar. In some PB assays, GCB agar was supplemented with 1 mM IPTG.
LOS and lipid A chemical analyses. Gonococci were grown in 12-liter batch cultures using GCB broth with defined supplements as described above. Bacteria were harvested by centrifugation, washed with sterile distilled water, and treated with formalin. LOS was extracted from the formalin-treated dry cell pellet by hot-phenol water extraction (51) . The phenol-saturated water layer (top layer) was dialyzed extensively to remove phenol and was sequentially treated with DNase, RNase, and proteinase K. Enzyme-treated LOS was dialyzed extensively against water using 2,000-molecular-weight-cutoff dialysis membranes; dialysate was centrifuged at 100,000 ϫ g for 4 h at room temperature, and the precipitate was dissolved in water and lyophilized. The yield was 20 mg of LOS from 1 g of dried cell preparation. Constituent sugar and fatty acid composition analyses of all the LOS samples were done by gas chromatography-mass spectrometry as analyses of their trimethyl silyl methyl glycosides and fatty acid methyl esters, respectively (55) . Glycosyl linkages were determined by the preparation and gas chromatography-mass spectrometry analysis of partially methylated alditol acetates. Partially methylated alditol acetates were prepared as described by Ciucanu and Kerek (7) .
To isolate oligosaccharides and lipid A separately from LOS preparations, samples were extracted with a 9:1 ethanol-water mixture to remove contaminating phospholipids and then lyophilized. Oligosaccharides were released from LOS by mild acid hydrolysis (1% [vol/vol] acetic acid at 100°C for 2 h). The lipid A portions were precipitated by low-speed centrifugation, and supernatants containing oligosaccharides were lyophilized and used for further analysis. Because mild acid hydrolysis partially removes the aglycone from the reducing end of the lipid A, LOS was hydrolyzed using milder conditions, which allows retention of the aglycone. This milder hydrolysis procedure was performed with 20 mM sodium acetate buffer, pH 4.5, containing 1% sodium dodecyl sulfate (SDS) at 100°C for 1 h as described by Caroff et al. (5) . Oligosaccharide mass and lipid A mass were determined by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). Oligosaccharides were dissolved in water and mixed in a 1:1 (vol/vol) ratio with 0.5 M 2,5-dihydroxybenzoic acid and spotted on a 100-well stainless steel MALDI plate. Lipid A was dissolved in a 3:1 chloroform-methanol mixture, mixed in 1:1 (vol/vol) ratio with 0.5 M trihydroxyacetophenone matrix, and spotted on a 100-well MALDI plate. The spectra were collected in positive mode for oligosaccharides and in the negative mode for lipid A. Analysis was done in delayed reflectron mode by using a 337-nm N 2 laser.
In certain experiments, proteinase K digests of whole gonococci or purified LOS were subjected to SDS-polyacrylamide gel electrophoresis and the resolved LOS species were visualized by silver staining (22) .
RESULTS AND DISCUSSION
NHS and PB resistance in gonococcal strain FA19 requires expression of lptA. PEA substitution of lipid A in Salmonella enterica serovar Typhimurium and N. meningitidis is known to VOL. 77, 2009 CONSEQUENCES OF PEA DECORATION OF GONOCOCCAL LIPID A 1113 be important in enabling these pathogens to resist killing by CAMPs (21, 47, 49) ; in these studies PB was used as a model CAMP. In order to determine if PEA residues substituted on the oligosaccharide or the lipid A of gonococcal LOS are important in causing gonococci to be susceptible to CAMPs, we created mutants of N. gonorrhoeae strain FA19 that lacked PEA substitution at the 3 or 6 position (or both) of the HepII group in the LOS ␤-chain or on lipid A. We found that insertional inactivation of lpt3 (lpt3::kan) or lpt6 (lpt6::ery), which is responsible for transferring PEA to HepII at the 3 and 6 positions, respectively, or inactivation of both genes did not increase gonococcal susceptibility to PB (Table 1) . We found that loss of 6-PEA resulted in a modest (twofold) increase in PB resistance. In contrast, insertional inactivation of lptA (lptA::spc), which abrogated the addition of PEA to the 4Ј position of lipid A (see below), either in a wild-type (wt) background (strain FA19) or in strains bearing coresident lpt3 and/or lpt6 mutations significantly increased (64-fold) gonococcal susceptibility to PB (Table 1) . NHS killing of gonococci depends on natural bactericidal antibody, primarily IgM, which is directed against an epitope(s) located within the LOS inner core region (14) . Pathogenic neisserial LOS is also a target for complement components C3 and C4b (11, 23) . C4b binds to meningococci through an amide linkage with PEA attached to HepII (6-PEA) (28) . To determine if loss of PEA from the HepII of the gonococcal LOS ␤-chain and/or lipid A would change the NHS resistance property of strain FA19 (4, 40) , transformants bearing inactivated lpt3, lpt6, or lptA genes described above were examined in serum bactericidal assays. The results (Fig. 1) showed that the lptA-null mutant, but not parental strain FA19 or its individual lpt3 and lpt6 mutants or the double lpt3 lpt6 mutant, was susceptible to NHS. Additionally, lptA::spc strains bearing coresident lpt3 and/or lpt6 mutations were also highly sensitive to NHS (Fig. 1) .
Gonococci can activate both the CCP and ACP (10), but killing involves the CCP predominantly (16, 40) . To determine the specific complement pathway involved in killing the lptA mutant, serum bactericidal assays were performed using either C1q (CCP and MBL inactivated) or factor B-depleted (ACPselectively inactivated) sera. C1q-depleted serum ( Fig. 2A) , but not the factor B-depleted serum (Fig. 2C) , lacked bactericidal activity against the lptA mutant, indicating that the CCP is required for NHS killing of the lptA mutant (Fig. 2) . Adding purified C1q back to C1q-depleted serum restored bactericidal activity (Fig. 2B) .
Complementation of lptA::spc restores resistance to NHS and CAMP. LptA-mediated resistance to NHS and PB was verified in gonococcal strain FA19 by complementing the lptA mutation in FA19 lptA::spc with a wt lptA gene at a second site in the gonococcal chromosome (see Materials and Methods). Using the complemented strain of FA19 lptA::spc (FA19 lptA::spc lptA ϩ ), we found that ectopic expression of lptA restored resistance to NHS to a level similar to resistance in wt strain FA19 (Fig. 2 and 3 ). We noted, however, that NHS resistance expressed by the complemented strain was independent of the presence of IPTG (Fig. 2 and 3) , suggesting that the 93-bp DNA sequence upstream of the lptA sequence inserted between lctP and aspC contains a promoter element that can drive transcription of the inserted lptA sequence, independently of the lac promoter that can also be used to transcribe lptA. In this respect, RT-PCR analysis confirmed expression of lptA in FA19 lptA::spc lptA ϩ in the absence of IPTG, but expression was lower than that in the presence of IPTG (data not shown). As a control, we also created a transformant of FA19 lptA::spc bearing the lctP-aspC sequence in pGCC4 DNA and found that this transformant remained sensitive to NHS (data not presented).
The lptA::spc lptA ϩ complemented strain also expressed increased (16-to 32-fold) resistance to PB (Fig. 4) , but the level of resistance was two-to fourfold lower than that in the wt strain FA19 and depended on the presence of IPTG in the GCB agar. The control strain bearing the pGCC4 sequence but lacking lptA between aspC and lctP (identified as "Comp Control" in Fig. 4 ) remained highly sensitive to PB, indicating that expression of the inserted lptA sequence in the lptA::spc lptA ϩ strain was responsible for increased resistance to PB in the complemented strain.
PEA modification of lipid A due to expression of lptA. In meningococci, inactivation of lptA results in a loss of PEA residues from both the 1 and 4Ј positions of lipid A (8, 49) . Meningococci lacking lipid A PEA exhibit decreased resistance to CAMPs but are not altered in their ability to resist FIG. 1. NHS susceptibility of 4Ј-PEA-deficient gonococcal strains. Serum bactericidal assays were performed using the wt strain FA19 and FA19 mutant strains that lack PEA substitutions (the lpt3 strain lacks 3-PEA from HepII, the lpt6 strain lacks 6-PEA from HepII, and the lptA strain lacks PEA attached to lipid A) using 50% (vol/vol) NHS. Values represent the average percent survival calculated from three or more independent experiments. :spc lptA ϩ complemented strain was analyzed following growth in both the presence and the absence of IPTG. All strains produced a predominant 3.6-kDa LOS species as judged by silver staining of proteinase K digests that were separated by SDS-polyacrylamide gel electrophoresis (data not presented). Structural and compositional analyses of the LOS carbohydrate from the three strains also did not reveal any differences (data not presented). However, analyses of the lipid A showed that the lptA::spc mutant lacked PEA attached to the 4Ј position (4Ј-PEA) that was present in parent strain FA19 (Fig. 5) . (Fig. 5) . A minor species containing both 1-PEA and 4Ј-PEA was detected in the FA19 lipid A preparation. This minor species was absent in the lipid A prepared from the FA19 lptA::spc mutant (data not   FIG. 2 . The CCP (but not the ACP) is required for serum killing of the lptA::spc mutant. Serum bactericidal assays were performed using FA19, its lptA mutant (lptA::spc; labeled lptA), and the complemented lptA mutant (lptA::spc lptA ϩ ; labeled lptA ϩ Comp) using 20% (vol/vol) C1q-depleted (C1q Ϫ ) NHS without CCP and MBL-deficient (A) or factor B-depleted (fB Ϫ ) NHS that was ACP deficient (C). In control assays CCP activity was restored to C1q Ϫ serum by the addition of purified C1q (final concentration of 100 g/ml) (B), and ACP activity was restored to fB on October 16, 2017 by guest http://iai.asm.org/ differences) of lipid A biosynthesis in gonococci and meningococci, particularly as the differences relate to phosphoforms that contain PEA. The lipid A from the complemented strain, FA19 lptA::spc lptA ϩ , showed the same ions (Fig. 6B ) and, therefore, contained the same lipid A structures 1, 2, 3, and 4 as those observed for FA19 lipid A (Fig. 5) Fig. 6A and B) was detected on the lipid A from the lptA complemented strain when it was grown in the absence of IPTG (Fig. 6A ) than when it was grown in the presence of IPTG (Fig. 6B ). This finding is consistent with RT-PCR expression studies that detected less lptA mRNA in the absence of IPTG (data not shown). Despite this difference in 4Ј-PEA levels, the amount produced in the absence of IPTG appears to be sufficient to confer full resistance to NHS but insufficient for wt levels of resistance to the CAMP PB. Nevertheless, the addition of IPTG to the complemented strain, but not the control strain lacking the ectopically expressed lptA, increased the amount of lipid A 4Ј-PEA and resulted in increased resistance to PB (Fig. 4) . Tzeng et al. (49) reported a correlation between susceptibility to CAMP and PEA-deficient lipid A meningococci. PEA modification of gonococcal lipid A was also found to be important in the relative resistance of strain FA19 to a model CAMP, PB (Table 1 and Fig. 4) , presumably because it reduces simultaneously the local electronegativity and hydrophobicity of lipid A. These characteristics will influence both the ionic binding of CAMPs to the bacterial cell surface (44) and insertion of membrane-damaging agents such as CAMPs and the membrane attack complex (C5b-9) of complement. Substitution of PEA of the lipopolysaccharides produced by enteric pathogens (21, 47) also enhances CAMP resistance. The ability of bacteria to modify their surface structure by reducing negatively charged surface groups can diminish binding of CAMPs, resulting in prolonged survival of bacteria during infection (44) .
The ability of certain strains of gonococci (e.g., DGI isolates) to stably resist the bactericidal action of NHS has been linked, in part, to structural changes in the carbohydrate component of the core oligosaccharide of LOS (28, 31, 39, 41, 46) . Phase-variable changes in the nucleotide repeat sequences within the lgtA and lgtC genes of the lgtABCDE operon (13) are important in determining resistance to killing by NHS expressed by strain FA19 (39) . In particular, strain FA19 with a phase-off lgtA produces a 3.6-kDa LOS species that contains an ␣-chain of Gal-Glc-HepI-Kdo (3-deoxy-D-manno-octulosonic acid) and is resistant to NHS, while FA19 with a phase-on lgtA produces an extended ␣-chain of Gal-GlcNac-Gal-Glc-HepIKdo and is susceptible to NHS. An antibody-dependent process involving the CCP mediates NHS killing of the phase-on derivative. Natural IgM antibodies that mediate killing of NHS-sensitive gonococci are directed against LOS species that contain extended ␣-chain species (e.g., Gal-GlcNac-Gal-GlcHepI-Kdo). An assumption has been that the NHS resistance property of gonococci producing the truncated, 3.6-kDa LOS is due to the loss (or shielding) of a LOS epitope recognized by IgM bactericidal antibody (36) . Our data demonstrating that loss of PEA from lipid A in a strain that produces the 3.6-kDa LOS results in NHS susceptibility require a reevaluation of this hypothesis. In particular, the complement regulatory protein C4BP, which interacts with most gonococcal porin 1A (Por1A) and select Por1B molecules on gonococci, contributes significantly to the NHS resistance property of gonococci, including (8) have reported no difference in survival of the wt and lptA mutants of encapsulated N. meningitidis when isogenic strains were exposed to serum. Thus, we propose that the lack of encapsulation of gonococci, in addition to other differences in the chemistry and perhaps the organization of the outer membranes of gonococci and meningococci, influences the interaction of complement proteins on these bacterial surfaces, thereby impacting resistance to complement-mediated killing.
